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Abstract—A new approach is developed for the assessmenttrapped flux. An approach that accounts for these factors would
of low-altitude trapped proton fluxes for future space missions. pe useful for limiting design margins and therefore design costs.

Low-altitude fluxes are dependent on solar activity levels due pther giscussion of the current shortcomings of AP8 can be
to the resulting heating and cooling of the upper atmosphere. f di b f ol 11 121 [41. [5
However, solar activity levels cannot be accurately predicted far ound in a number of places [1], [2], [4], [5].

enough into the future to accommodate typical spacecraft mission ~ Recently, improvements have been made in models of low-al-
planning. Thus, the approach suggested here is to evaluate thetitude trapped protons. Analyses of data from the DMSP F7,
trapped proton flux as a function of confidence level for a given CRRES, APEX, and SAMPEX spacecraft by AFRL, BIRA, and

mission time period. This is possible because of a recent advance .
in trapped proton modeling that uses the solar 10.7-cm radio flux, Aerospace Corporation have helped to update the base of data

ameasure of solar cycle activity, to calculate trapped proton fluxes [61-[9]. The Boeing Company developed a model that was ini-
as a continuous function of time throughout the solar cycle. This tially based on the NOAA/TIROS satellite data from 1978 to
trapped proton model [1], [2] is combined with a new statistical 1995. A feature of this model is that it accounts for the evolu-
?Iesl,cripti?_n ‘(’jf the 10-;'0'“ ﬂ”’; to obtgin tr}e ?robabilistic model  tjon of trapped flux levels over the course of a solar cycle due
ot st vgpes oot sl o T TS 'y s ety (1] Arainer ot rt oo

throughout solar cycle 22 for various orbits. For altitudes below 'ates the secular variation of the geomagnetic field so that the

1000 km, fluxes are significantly higher and energy spectra are model can be applied over broad ranges of time. The Boeing

significantly harder than those predicted by the AP8 model. model was thus a major advance in trapped proton models. The
Index Terms—AP8, low earth orbit (LEO), probabilistic model, ~CRRES satellite data from 1990 to 1991 has now been added
TPM-1, trapped protons. to this model to expand its spatial coverage up to near geosyn-

chronous altitudes and to broaden its energy range to cover
1.5t0 81.3 MeV [2]. The model in its current form is now called
the Trapped Proton Model-1 (TPM-1).

RAPPED proton fluxes are often the mostimportant radi- |, this paper, a new statistical feature is added to TPM-1 to

ation consideration for spacecraft in low earth orbit. Thgnhance its utility for long-term mission planning. There is cur-
AP8 trapped proton model [3] has provided useful informatiognty Jittle or no statistical information contained in trapped
for many years and has been a de—fe_lcto stan_dard for assesg}r@gon models [4], [6]. However, the trapped proton environ-
trapped proton flux and dose. AP8 is a static global map gfent at low altitudes is variable from one solar cycle to the
long-term average trapped proton flux. There are two versiopgt, depending to a large extent on solar activity level. Higher
of AP8—one for solar maximum and one for solar minimum coRyctiyity levels heat up and expand the upper atmosphere, which
ditions. They are based on selected satellite data that were Mggreases the removal rate of trapped protons through collisional
sured in the 1960s and 1970s. As time has progressed, thougcesses. This results in lower trapped proton fluxes during pe-
it has become apparent that there is a need for improved mogglgis of higher solar activity.
based on more recent data in order to assess the feasibility ofyne approach to planning future missions would be to use
flying advanced technology microelectronics systems for fututigop-1 along with some assumption about future solar activity.
missions. For example, AP8 s only applicable to long-term migrowever, solar activity levels are not reliably known very far
sions. In addition, AP8 provides no information about the transjyg the future, especially when the period of interest is during a
tion period between solar maximum and solar minimum condiifferent solar cycle than the present one. More useful informa-
tions. In reality, the trapped fluxes vary continuously with timgjon could be provided to the spacecraft designer if fluxes could
Another factor is that AP8 does not indicate how much varige calculated as a function of confidence level for a planned mis-
tion there can be from the expected long-term average valueggjh time period. Then the designer could more systematically

balance the tradeoffs among risk, cost, and performance for the
Manuscript received July 15, 2002; revised September 9, 2002. This watkission. That is the focus of this paper. In the following, a new

was supported by the NASA Marshall Space Flight Center Space Environmestgtistical model of solar activity is added to TPM-1, based on
and Effects program.

M. A. Xapsos, J. L. Barth and E. G. Stassinopoulos are with NAS§Olar 10'.7fcm radio fluxfio.7). Fio.7 is tak.en as a mefasure of
Goddard Space Flight Center, Greenbelt, MD 20771 USA (e-masolar activity, and a proxy for atmospheric heating in TPM-1.

I. INTRODUCTION

Michael. Xapsos@gsfc.nasa.gov). _ The model ofF, ; describes its time-dependent variation over
S. L. Huston is with The Boeing Company, Huntington Beach, CA 9264% . .

USA. the course of a solar cycle and as a function of confidence level.
Digital Object Identifier 10.1109/TNS.2002.805409 These results are used with TPM-1 to calculate trapped proton
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Fig. 1. Fio. as a function of time from the start of solar cycle 19. The data Cumulative Probability
are obtained from the National Geophysical Data Center [10]. The line is the

best fit of the statistical model. Fig. 2. Type | extreme value probability plot of the largést ; value in a

solar cycle for cycles 19-23.

fluxes at given levels of confidence. This is the first rigorous
probabilistic description of trapped proton fluxes. This represents a time-dependent first term superimposed on
a constant background3. The constantl is a scale factor for
the gamma density functiog(t), which is given by [11]
Il. METHODS
v(v-t)k-1
A. TPM-1 M0 ="y v @
TPM-1 is described in detail elsewhere [2]. Here we restrict Here andk are the parameters of the gamma density func-
ourselves to a brief description of hofi 7 is used in this tion andt is the time from the start of the solar cycle. The best
model. The proton flux for a given energy is relatedAa 7 fit of f(t) to the data is shown by the curve in Fig. 1. It is seen
through an empirical curve fitting procedure involving the gehat the fit describes the behavior of thg, 7 data quite well.
omagnetic coordinates and a phase delayifnz. The phase This is also true of, 7 for each solar cycle for which there is
delay corresponds physically to a time period associated Wilailable data. The only parameters that it was necessary to vary
atmospheric expansion due to solar activity. Thus, TPM-1 usgsm cycle to cycle for the fits werel and. It turns out that
a range ofFo 7 values as a function of time to calculate the¢hese two parameters can be determined from the peak activity
trapped proton flux at a given location. TPM-1 currently corof a cycle. This will be very useful because the peak activity can
tains historical’ o 7 data from April 1954 through August 2001pe related to the confidence level. This is discussed next.
and projections up to January 2020. In this paper, the statisticalrhe peak value attained by a parameter representative of solar
model curves of'y 7 for various confidence levels, described irtycle activity is often used as an indicator of the overall activity
the next section, were substituted for the standéigd; values |evel of the cycle [5]. Common examples of such parameters

currently in the program. are Fi 7 and sunspot number. Thus, in order to assign confi-
dence levels to solar cycle activities, a probability plot of the
B. Statistical Model foig - largestFq 7 value observed in each of solar cycles 19-23 was

constructed. The probability plot chosen was that of the type
The data used for the probabilistic analysig.; were ob- | extreme value distribution because the largst, value of

tained from the National Geophysical Data Center [10]. Me@ach cycle is of interest. These were obtained from fits such as
surements of7 7 have been made since 1947 during the denat shown in Fig. 1 by determining the peak valugf ¢f). The
scending phase of solar cycle 18. The data were the most refipgglyy ative probabilities are equalto/ (N +1), wherem is the
values available. This includes corrections for antenna gain, ggnk of the ordered data andis the number of data points [12].
mospheric absorption, bursts in progress, background sky tefie probability plot is shown in Fig. 2. The applicability of the
perature, and the changing sun-earth distance. As an examgjge | probability distribution to the data is determined by the
Fi.7 data for solar cycle 19 are shown by the points in Fig. }ata's linearity on the plot. Although the number of data points
Mean monthly values are plotted as a function of time for thg somewhat limited, it is seen that they are well described by
entire solar cycle. We have found that an empirical descriptignstraight line, indicating this is an appropriate distribution for
pf the data for each solar cycle (19 through the current cycle Z@scribing the peak values 8%, -. The maximum deviation of
1S any point from the straight line is about 6%. Thus, the line in

Fig. 2 related;o.7 to cumulative probability, which is equal to

ft)=A4-g(t)+ B. (1) the confidence level.
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Fig. 3. Statistical model of', 7 as a function of time from the start of the [ Solar Cyc'le 22 ! ! " 30.9 MeV o]

solar cycle for confidence levels of 1, 10, 30, 50, 70, 90, and 99%.

The complete probabilistic description 6§, 7 can now be
given. The only input required is to specify a confidence level
for solar activity. The fitted line in Fig. 2 then gives the corre-
sponding pealf’}( 7 in the cycle. This determines the parame-
tersA andk, whereas fitted values fd8 andv are used that are
always the same. Thus8j, 7 can be calculated from (1) and (2)
as a function of time for a specified confidence level. These re-
sults are shown in Fig. 3 for various levels of confidence. These
statistical results reproduce the general observational trends fo
Fyy.7. Itis reasonably well established that the greater a cycle’s l . . . .
activity, the faster the rise time to the peak level [13]. In all cases, 1986 1988 1990 1992 1994 1996
Fyo.7 starts off at a constant background level corresponding Year
to the parameteB. More active cycles, i.e., those with greater | Solar Cycle 22 ' ' " g1.3Mevp |
peak activities, reach the peak levels earlier in the cycle. Similar <_

to what is observed for sunspot numbers [14], the descending & B 10%
> o

phase of the cycle is longer than the ascending phase. At thes, 10" E
end of the cycleF . 7 returns to the same background level as I
at the cycle beginning. The interpretation of a confidence level
of 90%, for example, is that a future solar cycle has a 90% prob-
ability of having an activity level that is less than or equal to that
particular curve in Fig. 3.
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The results shown in Fig. 3 have been used as input files for 1986 1988 1990 1992 1994 1996
TPM-1 in this work. Because we are concerned with heating Year
and cooling effects in the upper atmosphere, our orbital con5|d-

Fig. 4. Trapped proton differential flux for the original ISS orbit as a function
erations are limited to altitudes of less than 1000 km. The pro(g} time during solar cycle 22. Shown are the standard results for TPM-1,
abilistic trapped proton flux calculations are envisioned to besults of the probabilistic model for 10% and 90% exceedance probabilities,
most useful when applied to future missions. However, for ti§8d results for AP8. Proton energies are (a) 10.7 MeV, (b) 30.9 MeV, and
. C) 81.3 MeV.

purpose of comparing them to the standard TPM-1 results
validation purposes, calculations were done for the time period
during solar cycle 22. As a first example, consider the originedéspectively. These are compared to the probabilistic trapped
orbit of the International Space Station (ISS)-361-km periggaroton fluxes for 10% and 90% exceedance probabilities, shown
437-km apogee, and 52.@ngle of inclination. TPM-1 comes by the squares. The interpretation of the 10% curve is that there
with an orbit generator, and this was used for these calculatioissa 10% probability that the general trend of the flux levels in a
The filled circles in Fig. 4(a)—(c) show the time dependence given cycle will exceed it. Similarly, there is a 90% probability
the omnidirectional differential trapped fluxes throughout solahat the general trend of those flux levels in a given cycle will
cycle 22 calculated with the standard TPM-1. The proton eexceed that particular curve. Recall from previous discussion
ergies shown are 10.7, 30.9, and 81.3 MeV in Fig. 4(a)—(d¢hat higher levels of solar activity result in lower trapped proton
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Fig. 5. Trapped proton energy spectra for the original ISS orbit in mid-year
1989 as calculated by the standard TPM-1, the probabilistic model, and AP8.

108 F

fluxes. The activity level of solar cycle 22 was quite high. In fact,
in the last five cycles, its activity was exceeded only by that of
cycle 19. Thus, the standard TPM-1 results for cycle 22 should
fall much closer to the 90% curve than the 10% curve, and this
turns out to be the case. An interesting feature of solar cycle 22
is the double-peaked behavior of its activity during solar max-
imum. The probabilistic model shown in Fig. 3 does not account
for this type of detailed behavior. However, as seen in Fig. 4, it
still does a reasonable job of bounding the fluxes even when a 1 1 , 1 |
somewhat unusual feature such as this occurs. 10° 600 700 800 900 1000
Fig. 4 also shows comparisons to the AP8 model. The AP8 Altitude (km)
calculations were done with software developed by Armstrong E Solar Cycle 22
and Colborn [15], and they were checked against AP8 results - 81.3 MeV Protons
obtained using the CREME96 [16] and SPENVIS [17] web [ 0°Inclination
sites. The AP8 model provides only average flux values for
solar minimum and for solar maximum conditions. Thus, there
is the discontinuous behavior shown in the figures. The solar
maximum period was assumed to be 7 years in duration, be-
ginning 2.5 years before and ending 4.5 years after 1989 [14].
There are two significant points that should be made about the
comparisons between TPM-1 and AP8. First, TPM-1 shows
a more realistic, continuous transition between the solar max-
imum and solar minimum time periods. This feature will be
especially useful for missions that occur during this transition s
phase. Second, the AP8 fluxes are significantly lower than the ~ 1° 600 700 300 900 1000
TPM-1 fluxes at these low altitudes. It is generally agreed that Altitude (km)
AP8 underestimates trapped proton fluxes at low altitudes, but it
is not clear by how much. It has been reported that AP8 underég- 6. Trapped proton differential flux as a function of orbital altitude in
timates doses by about a factor of 2 at alftudes below 2000 fH¥ear 1980 o acineneon Restls e shown o e sanderd T,
[18]. However, discrepancies in measured proton fluxes haw@ton energies are (a) 10.7 MeV, (b) 30.9 MeV, and (c) 81.3 MeV.
been reported to be significantly greater than a factor of 2 at al-
titudes below 1000 km [1]. The flux differences reported here
range from about a factor of 2 to 10. However, it must be kepf 2 for the above orbit. It is the higher energy fluxes where
in mind that dose measurements for such proton energy spetiere are large differences between the two models. When com-
are strongly influenced by the low-energy protons. It turns optaring TPM-1 and AP8, another thing that must be considered is
that the flux differences reported here are not markedly incotie instrumentation difference. The TPM-1 model is based pri-
sistent with previously reported low-altitude dose comparisongarily on the NOAA/TIROS satellite measurements, which are
with AP8. In fact, Fig. 5 shows that the low-energy portion oih reasonable agreement with both the low-altitude SAMPEX
the TPM-1 proton spectra exceeds AP8 fluxes by about a facttata [19] and the most reliable measurements made on CRRES,
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Fig. 7. Trapped proton differential flux as a function of orbital altitude irFig. 8. Trapped proton differential flux as a function of orbital altitude in
mid-year 1989 for a 45inclination. Results are shown for the standard TPM-1mid-year 1989 for a 90inclination. Results are shown for the standard TPM-1,
the probabilistic model for 10% and 90% exceedance probabilities, and ARIBe probabilistic model for 10% and 90% exceedance probabilities, and APS.
Proton energies are (a) 10.7 MeV, (b) 30.9 MeV, and (c) 81.3 MeV. Proton energies are (a) 10.7 MeV, (b) 30.9 MeV, and (c) 81.3 MeV.

B. Energy Spectra

which occurred at altitudes above 800 km [2]. The modern in- Fig. 5 shows the trapped proton differential energy spectra
strumentation used for these measurements is clearly an for-the original ISS orbit at mid-year 1989, for energies ranging
provement over that used to collect data for AP8 in the 1966em 1.5 to 81.3 MeV. Again, the standard TPM-1 results are
and 1970s, and this must be considered when assessing thecahpared to the probabilistic results for 10% and 90% ex-
ative merit of the two models. On the other hand, TPM-1 is@edance probabilities. Note that the spread in the probabilistic
model that is still in the developmental stages. results is very small for low energies but reaches approximately
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a factor of 2 at high energies. For many spacecraft applicatiopspach over conventional approaches is that it allows the space-
the high energies are the most important. The fact that the magaft designer more flexibility to tradeoff cost, risk, and per-
nitude of this spread is similar to often quoted environmentdrmance for the mission. This is important because conditions
uncertainties suggests that it is realistic to use the probabilistiech as solar activity levels, which affect the low-altitude radia-
approach for spacecraft design. For example, a 50% exceedaimeenvironment, are not accurately known during the advanced
probability could be chosen to determine the average trappaission planning period.
proton flux. It could then be adjusted, presumably to a lower A confidence level model of solar activity was developed
exceedance probability (higher flux) based on tradeoffs that thased orF’( 7 data. This was used with a new model of trapped
designer is willing to make. proton flux, TPM-1, that features calculations of flux that are
Also shown in Fig. 5 is a comparison to the AP8 energy spedependent on solar activity. Results indicated that the magni-
trum for solar maximum conditions. The TPM-1 model resultside of the flux variations from one solar maximum time pe-
show a harder energy spectrum. The two models are in reasood to the next were consistent with commonly assumed envi-
able agreement for proton energies around one or a few Medhmental uncertainties, so that the confidence level approach
but rapidly diverge at higher energies. At about 10 MeV and berould be practical to implement. The largest flux variations
yond, the flux differences are close to an order of magnitudeccur for low orbital altitudes and for low angles of orbital in-
Similar results are seen for solar minimum conditions, althougfination. The flux variations also increase as the proton energy
the differences with AP8 are not as pronounced [2]. increases for the range of energies studied here. This confidence

level approach further expands the utility of TPM-1.

C. Orbital Dependence

The magnitude and variability of the upper atmospheric ex-
pansion during solar maximum is an important consideration!!
for low-altitude spacecraft. Thus, in this section, we examine
how this affects the trapped proton flux as a function of alti- [2]
tude ranging from the atmospheric cutoff up to 1000 km. Fig. 6
shows calculations for an equatorial orbit at mid-year 1989.[3]
Differential fluxes of 10.7-, 30.9-, and 81.3-MeV protons are
shown in Fig. 6(a)—(c), respectively. As is expected, the flux ,
increases rapidly with increasing altitude. Also note that in a
relative sense, the variability of the trapped flux decreases withi5]
increasing altitude. In fact, it turns out that for all cases studied[6]
here, the largest variability, about a factor of 4 between the 10%
and 90% exceedance probabilities, occurs near the atmospheric
cutoff in an equatorial orbit. Keep in mind that this variability
represents a fluctuation in proton flux that can occur from onejg]
solar maximum time period to the next.

For comparison purposes, similar calculations were doney
for 45° and 90 inclination orbits. These results are shown in
Figs. 7 and 8, respectively, and cover the same time period and
proton energies as Fig. 6. In these orbits, the atmospheric cutdf®!
is significantly lower—approximately 200 km. In addition, the [11]
flux variability is not as pronounced as for the equatorial orbit.

In these higher inclination orbits, it is a factor of 2—-3 at theH3
lowest altitudes and decreases with increasing altitude. Finally,
we again note the significant discrepancies with the AP8 modédl4]

for proton fluxes above 10 MeV. [15]

IV. CONCLUSION [16]

This work suggests a new procedure for assessing the trapp[elgg
proton environment for future low-altitude space missions. It is
to evaluate trapped proton fluxes as a function of confidencglgl
level for the given mission time period. The advantage of this ap-
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